Abstract-Spasticity and contracture are major sources of disability in people with neurological impairments that have been evaluated using various instruments: the Modified Ashworth Scale, tendon reflex scale, pendulum test, mechanical perturbations, and passive joint range of motion (ROM). These measures generally are either convenient to use in clinics but not quantitative or they are quantitative but difficult to use conveniently in clinics. We have developed a manual spasticity evaluator (MSE) to evaluate spasticity/contracture quantitatively and conveniently, with ankle ROM and stiffness measured at a controlled low velocity and joint resistance and Tardieu catch angle measured at several higher velocities. We found that the Tardieu catch angle was linearly related to the velocity, indicating that increased resistance at higher velocities was felt at further stiffer positions and, thus, that the velocity dependence of spasticity may also be position-dependent. This finding indicates the need to control velocity in spasticity evaluation, which is achieved with the MSE. Quantitative measurements of spasticity, stiffness, and ROM can lead to more accurate characterizations of pathological conditions and outcome evaluations of interventions, potentially contributing to better healthcare services for patients with neurological disorders such as cerebral palsy, spinal cord injury, traumatic brain injury, and stroke.
INTRODUCTION
People with injuries such as stroke, cerebral palsy (CP), and traumatic brain injury (TBI) often experience residual physical impairments such as spastic hypertonia and muscle contracture [1] [2] [3] [4] [5] [6] [7] . Spasticity is a major source of disability in these patients. Hypertonus and reflex hyperexcitability disrupt the remaining functional use of muscles, impede motion, and may cause severe pain. Prolonged spasticity may be accompanied by structural changes in muscle fibers and connective tissue, which may reduce joint range of motion (ROM) and lead to clinical contracture [4, 8] .
Accurate and reliable evaluation of spasticity presents a constant challenge to the medical rehabilitation community. The Modified Ashworth Scale (MAS) is the most popular clinical measure of spasticity [9] ; however, poor inter-and intrarater reliability of the MAS has been reported [10] [11] [12] [13] . The Tardieu scale is another clinical measure of spasticity that compares how spastic muscles "catch" at low, medium, and high velocities [14] . The Tardieu scale has better reliability than the MAS when raters receive identical and intensive training [15] , which implies that standardized training would improve reliability among raters who receive training from different trainers.
In general, clinical scales are practical and convenient to use in clinics but less accurate than quantitative measurements. A handheld dynamometer or spring scale has been used to measure the force rotating the limb during spasticity testing in the clinic [16] [17] . More sophisticated robotic devices have been used to obtain the torque-angle curve, from which joint ROM, (quasi-static) stiffness, and energy loss can be derived [18] [19] [20] . The use of computer-controlled devices, however, adds procedures to existing assessment protocols, making the protocols more sophisticated, which may prevent clinicians from using them in clinical practice.
This article presents a manual spasticity evaluator (MSE) that can be used conveniently by clinicians and that enables quantitative evaluation of spasticity and contracture at the ankle joint. The MSE was tested to measure ankle ROM at controlled low velocity, elastic stiffness, spasticity, and Tardieu catch angle at higher velocities.
METHODS

System Configuration
The MSE (Figure 1) consists of a custom-designed foot plate with a torque sensor (TRT-200; Transducer Techniques Inc; Temecula, California), a position sensor, a handle to move the foot plate, a leg support, and a laptop with data acquisition card (NI DAQ card 6036E; National Instruments Co; Austin, Texas).
A custom data-acquisition program was developed to implement two functions: (1) measure, record, and display both the torque signal and the position signal and (2) produce real-time audio-visual feedback when a preset velocity and/or torque limit was reached. With the help of the real-time record of torque and position signals and audio-visual feedback, the examiner can characterize the pathological conditions more accurately by measuring the passive ROM at consistent peak torques, resistance torque at fixed positions, elastic stiffness, and catch angles and, in addition, have the capability to display and analyze the recorded data in different formats (e.g., angular position and torque signals as functions of time and torque-angle hysteresis loops).
Human Subjects and Experimental Procedures
Twelve children with CP aged 4 to 19 yr (12.0 ± 5.0 yr) who had ankle spasticity and five nondisabled children aged 12 to 14 yr (12.0 ± 1.4 yr) were recruited (all data presented as mean ± standard deviation unless otherwise noted). In addition, five nondisabled adults aged 21 to 31 yr (24.4 ± 3.7 yr) were recruited to determine the intra-and interrater reliability of the MSE system.
The following procedure was performed to test passive ROM and spasticity. First, the subject's foot was placed on the foot plate and the subject's ankle joint was aligned with the rotation axis of the device by sliding the foot plate in anterior/posterior and proximal/distal directions. Then, the foot was fixed to the plate with Velcro straps. The operator then manually moved the ankle joint from one extreme position to the other at a constant velocity. In this procedure, the laptop sampled and displayed the joint angular position and resistance torque (sampling rate: 1,000 Hz). When the desired terminal torque or target velocity was reached, the software alerted the operator with audio-visual displays (Figure 2) . The operator repeated the passive motion tests at various Manual spasticity evaluator used to measure spasticity at human ankle. With subject's leg fixed to leg support, operator moves ankle at controlled velocity and terminal torque with real-time feedback. Ankle movement and joint torque measured by position sensor and torque sensor, respectively. velocities in both the dorsal and plantar directions. The position and torque data were recorded and then analyzed offline to calculate variables, including the Tardieu catch angle, for the quantitative assessment of the neuromuscular and biomechanical properties of the joints.
Note that the target terminal torque and the target velocity shown by the broken lines in Figure 2 were used only to guide and inform the operator. To improve the quality of data obtained, the operator practiced before collecting actual data. Usually, the data collected were reliable and repeatable (as shown in Figure 3 ). However, large artifacts could also be introduced if the subject moved his or her ankles during the testing (shown in the last plot in Figure 2 ). We therefore developed custom MATLAB (The MathWorks, Inc; Natick, Massachusetts) programs to help the operator visually screen and inspect the data immediately after a trial. With the help of those programs, the operator could include or exclude a specific trial according to the inspection.
Tardieu Catch Angle
Tardieu scales were measured quantitatively and conveniently with the MSE. As shown in a typical torqueangle curve from a child with CP, the position at which the torque increased most sharply (highest torque change rate, indicated by red circle in Figure 4 ) was determined as the catch angle, i.e., the position at which the operator felt the sudden increase in resistance-the "catch."
Four typical curves (torque, time derivative of the torque, instant velocity, and position) were used to determine the Tardieu catch angle ( Figure 5 ). Screen display of data acquisition and test-control program. From top to bottom, plots show real-time ankle dorsiflexion angle, velocity, and joint torque, respectively. Their target values and ranges can be seen as horizontal lines, and beeping sound is generated once target is within range. Simulated light-emitting diode buttons also indicate when target torque or velocity has been reached within certain range.
The waveforms in Figure 5 imply that the Tardieu catch angle can be identified by three characteristics: (1) the time derivative of the torque (torque/t) increases to a peak value (position 1 in Figure 5(a) , time point 1 in Figure 5(b) ) and then decreases to a minimum value, (2) the position-torque curve moves backward shortly then moves forward (position 2 in Figure 5 (a), time point 2 in Figure 5 (b)), and (3) velocity decreases to a minimum and then increases (position 3 in Figure 5 (a), time point 3 in Figure 5(b) ).
Three characteristics are associated with the catch phenomenon: (1) the examiner feels the sharp increase of the resistance torque (peak of the time derivative of the torque: position 1 in Figure 5(a) , time point 1 in Figure  5(b) ) when the catch phenomenon occurs. (2) The operator then responds to the sharp increase in torque by decreasing the velocity. If the velocity is decreased to negative, the position-torque curve moves backward (position 2 in Figure 5 (a), time point 2 in Figure 5(b) ). (3) As the operator decreases the velocity, the time derivative of the torque decreases. Then, the operator increases the velocity in the forward direction up to the extreme position. This causes the second increase in velocity after the minimum is reached (position 3 in Figure 5(a) , time point 3 in Figure 5(b) ).
According to these observations, both time point 2 in the position-torque curve and time point 3 (Figure 5b ) in the velocity-angle curve are caused by the sharp increase of the resistance torque (time derivative of the torque); the angle at which the time derivative of the torque reaches the maximum is considered the catch angle.
Statistical Analysis
To determine the intra-and interrater reliability of the MSE system, we recruited five nondisabled adults. Two raters performed MSE testing on them twice. The intraclass correlation coefficient (ICC) was chosen as the test statistic with which we evaluated test-retest reliability. The two-way mixed model ICC was used. ICCs of 0.75 or more indicated excellent reproducibility. The two rater's scores were compared with Pearson product-moment correlations.
RESULTS
Range of Motion and Stiffness
Ankle ROM and elastic stiffness were measured at a controlled low velocity (about 30°/s). For children with CP and limited ankle movement, the ROM (ROM1 in Figure 6 ) could be markedly smaller than that of nondisabled children (ROM2 in Figure 6 ). Across all the subjects, the total mean passive ROM for the CP and control groups was 93.4° ± 24.6° and 94.7° ± 24.0°, respectively. However, the difference was not statistically significant (p = 0.9), which may be related to the small sample size and/or the wide age ranges of the participants in this study.
The intra-and interrater reliability test showed that this measure has high reproducibility (ICC = 0.86, Pearson r = 0.95, p < 0.001).
All participants in this study had a ROM that included the position of 4° of dorsiflexion. We therefore measured stiffness at this angle to compare the two groups. As shown in the examples in Figure 6 , joint stiffness at 4° of dorsiflexion was greater for the children with CP (CP.Stiff in Figure 6 ) than the stiffness of the nondisabled children (N.Stiff in Figure 6 ). Overall, the stiffness at the given ankle position in children with CP was higher than that of nondisabled children, with mean ankle stiffness for the CP and control groups of 0.25 ± 0.27 and 0.10 ± 0.11 Nm/rad, respectively. However, the difference was not statistically significant (p = 0.3), which may be related to the small sample size and/or the wide age ranges of the participants in this study.
The intra-and interrater reliability test showed that this measure has high reproducibility (ICC = 0.82, Pearson r = 0.81, p = 0.002).
Tardieu Catch Angle and Velocity
Linear correlation between Tardieu catch angle and velocity of children with CP was found (Figure 7) .
DISCUSSION AND CONCLUSIONS
Hypertonia is a major source of disability in patients with neurological disorders including CP, stroke, spinal cord injury (SCI), and TBI and is characterized by spasticity and/or contracture in the involved joints. The associated changes in the mechanical properties of muscles and tendons may reduce joint ROM and limb deformity. Accurate and reliable evaluation of spasticity is essential for diagnosis, treatment, and patient management (determining therapy and evaluating treatment outcomes). In this study, we developed a MSE and demonstrated its efficacy. It is important to point out that the MSE is not designed exclusively for children. It can also be applied to characterize spasticity/contracture in adults with neurological disorders (e.g., SCI, TBI, and stroke).
Children with CP have alterations in the biomechanical and reflex properties of the ankle. These changes have been assessed by such measures as the MAS, tendon reflex scale, pendulum test, mechanical perturbations, and passive joint ROM. Manual assessments through physical examination by experienced clinicians are intrinsically subjective and qualitative and may have poor intra-and interrater reliability. Sophisticated robotic devices can accurately measure the torque-angle curve, joint ROM, stiffness, and energy loss. However, they are usually not convenient to use in clinical settings. Haptic robotic devices have been used to re-create the sensations clinicians would have felt during an in-person examination [21] ; however, re-created haptic sensations are not identical to the actual feeling, which is important in clinical examinations.
In this study, we designed an MSE that can be used to evaluate spasticity and stiffness quantitatively and conveniently. The MSE provides clinicians with both transparent haptic feedback and quantitative measurements of the biomechanical and reflex properties of the ankle under controlled resistance torque and/or velocity.
Using the MSE, we tested 12 children with CP and 5 nondisabled children. We measured the ankle ROM and stiffness at controlled low velocity, velocity-dependent resistance, and Tardieu catch angle at several different velocities in a clinical setting. The results show that the Tardieu angle, ROM, and stiffness in the spastic ankle can be determined quantitatively and conveniently. Compared with the control group, the CP group had higher joint stiffness, while no difference was noted in passive ROM between the two groups. We also found that the catch angle was linearly dependent on the movement velocity and thus should be determined at a well controlled velocity for consistent results. The linear relation between movement velocity and catch angle was also found in a related study on the upper limb [22] .
We also tested five nondisabled adults to determine the intra-and interrater reliability of the MSE system. The results show that the MSE system has excellent reproducibility in passive ROM (ICC = 0.86, Pearson r = 0.95, p < 0.001) and stiffness measurements (ICC = 0.82, Pearson r = 0.81, p = 0.002).
The catch angle is conventionally defined as the position at which the tested muscle reacts to stretching [10, 14] . However, the measurement is dependent on the examiners' experience. Therefore, conventional determination of the catch angle is intrinsically subjective. We therefore chose the maximum rate-of-increase point of the torque as the catch angle. This seems consistent with how clinicians determine the catch-when they feel a sudden increase in resistance. Our experimental results show that the definition is objective and consistent with the examiner's haptic feeling.
Velocity dependence of joint resistance during passive movement is a key feature of spasticity. Nonetheless, the so-called velocity dependence of spasticity can also be confused with position dependence. The catch angle occurring at a further position at higher velocities in our experiment demonstrated that spasticity is also position dependent, since the further position is associated with higher resistance. Namely, with increasing velocity, the joint was moved more rapidly to positions of higher resistance torque, as felt by the examiner [22] . Furthermore, the position dependence is related to the time delay associated with neurological reflexes. Generally, the reflex loop from muscle stretch to torque generation has a time delay of ~40-60 ms, depending on the joint and conditions [2, 23] . This joint movement during the reflex time delay seems to correlate well with the velocity increases in Figure 7 . When comparing the velocities of 200°/s and 400°/s, one finds that an extra 10° is traveled at the Relationship between dorsiflexion velocity and catch angle of five children with cerebral palsy: x-axis is velocity, and y-axis is Tardieu catch angle. Solid lines are linear fit of raw data. S1 to S5 each correspond to data from subjects 1-5. higher velocity (400°/s) during the 50 ms reflex delay. In someone with a stroke, for example, the extra 10° rotation at the higher velocity is usually associated with increased resistance.
The increased resistance torque could be from spastic responses and/or passive joint stiffness [2, [24] [25] . As a result, patients with only increased passive stiffness may be misdiagnosed with spasticity, which may then affect their clinical treatment. Therefore, evaluating spastic joints at various velocities may help us differentiate passive joint stiffness and spasticity [24] . Evaluations of joint stiffness and the Tardieu scale using the MSE can help us characterize spasticity and contracture quantitatively at controlled velocities in a clinical setting.
The MSE depends on the operator to provide constant velocity or constant torque perturbations. It is impossible for a human operator to achieve a constant velocity or torque as accurately as robotic devices do. When a clinician manually evaluates spasticity and moves the joint at low, medium, or high velocities, the velocity controlled is practically the peak movement velocity, and in manual tests, it cannot be quantitatively controlled. The MSE provides real-time audio-visual feedback and more accurate velocity control. Furthermore, the MSE can provide haptic feedback, which is important for clinicians. In constant-velocity experiments (Figure 2) , the operator first held the MSE handle to keep the ankle at the neutral position for ~1 s. The velocity was zero during this period. Next, the operator stretched the ankle at a certain velocity. The MSE device provides audio-visual feedback to help the operator accurately achieve a peak velocity at the desired level. Operators can easily keep the peak velocity at the target range with the audio-visual feedback after several trials.
Limitations of the current study include the small sample size. The fact that no significant difference was found in the ROM between children with CP and nondisabled children did not necessarily mean there was no difference. It was likely that the small populations and the wide age range (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) for the two groups contributed to the lack of statistical significance. Another limitation was that clonus or multiple catch events (i.e., cogwheel rigidity [26] ) were not investigated. These issues can be addressed in future studies.
In conclusion, measurement of ankle spasticity can be done more accurately and conveniently using a device like the MSE. More accurate measurements of spasticity and joint biomechanical properties can lead to more focused and impairment-specific interventions, such as botulinum toxin, physical therapy, and surgeries, potentially resulting in better healthcare services for patients with neurological disorders.
